Wig-1 is a transcriptional target of the tumor suppressor p53 and encodes an unusual zinc-finger protein involved in posttranscriptional gene regulation. Wig-1 is expressed in all cell types investigated so far, with the highest levels in the brain, and is enriched in stem cells as compared with more differentiated cells of the same lineage. Wig-1 binds to both long double-stranded (ds) RNA and short microRNA-like dsRNA. We have shown that Wig-1 acts in a positive feedback loop that stabilizes p53 mRNA through an AU-rich element (ARE) in the p53 3 0 untranslated region. Our preliminary data indicate a more general effect of Wig-1 on ARE-containing mRNA. Here we shall summarize current knowledge about Wig-1 and discuss possible implications on p53 function and other cellular processes. The p53 tumor suppressor protects us from cancer by sensing and reacting to a wide range of cellular stress factors, including DNA damage and oncogene activation. The p53 activation can result in various outcomes depending on stress agent and cellular context, the classical p53 stress responses being cell cycle arrest and apoptosis.
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Wig-1 is a transcriptional target of the tumor suppressor p53 and encodes an unusual zinc-finger protein involved in posttranscriptional gene regulation. Wig-1 is expressed in all cell types investigated so far, with the highest levels in the brain, and is enriched in stem cells as compared with more differentiated cells of the same lineage. Wig-1 binds to both long double-stranded (ds) RNA and short microRNA-like dsRNA. We have shown that Wig-1 acts in a positive feedback loop that stabilizes p53 mRNA through an AU-rich element (ARE) in the p53 3 0 untranslated region. Our preliminary data indicate a more general effect of Wig-1 on ARE-containing mRNA. Here we shall summarize current knowledge about Wig-1 and discuss possible implications on p53 function and other cellular processes. The p53 tumor suppressor protects us from cancer by sensing and reacting to a wide range of cellular stress factors, including DNA damage and oncogene activation. The p53 activation can result in various outcomes depending on stress agent and cellular context, the classical p53 stress responses being cell cycle arrest and apoptosis. 1, 2 The importance of p53-mediated tumor suppression is demonstrated by the high frequency of p53 mutations (about 50%) in human tumors, 3 (http://www-p53.iarc.fr; http://p53.free.fr). p53 orchestrates its responses mainly through its activity as transcription factor, regulating transcription of target genes that carry out a plethora of functions in the cell. 1, 2 For this reason, delineating functions of p53 target genes is crucial in order to fully understand the function of p53 itself.
Structural and Functional Characteristics of the Wig-1 Protein
Wig-1 (also known as PAG608 or ZMAT3) is a direct transcriptional target gene of p53 that was discovered more than 10 years ago. Mouse Wig-1 was identified in our laboratory in J3D mouse T lymphoma cells carrying a temperature sensitive Val135 mutant p53 construct (tsp53). This construct is expressed as mutant p53 at 37 1C but temperature shift to 32 1C induces wild-type p53 expression, triggering cell cycle arrest and apoptosis. Wig-1 was identified by differential display analysis as an mRNA expressed at 32 1C but not at 37 1C. 4, 5 The laboratory of Moshe Oren simultaneously identified Wig-1 (which they named PAG608 -a name that subsequently has been used to indicate the rat ortholog of Wig-1) using a similar approach in the mouse myeloid leukemia line LTR6. 6 We and others later cloned human Wig-1 and confirmed that it is a p53 target gene. 7, 8 Human Wig-1 maps to chromosome 3q26.32. The Wig-1 protein exists in two isoforms differing by one amino acid only, and the Wig-1 open reading frame (ORF) translates into proteins of 288 or 289 amino acids. The ORF is followed by a very long 3 0 untranslated region (UTR) with three polyA sites; usage of the most distal gives rise to an 8 kb long 3 0 UTR. The Wig-1 protein contains a nuclear localization signal and three zinc-fingers of the Cys 2 His 2 type (Figure 1a) . The zinc-fingers are unusual in their inter-histidine distance within the zincfingers (five amino acids instead of the normal three to four) and their long linkers between the zinc-fingers (56-75 amino acids compared with six to eight as in most other zinc-finger proteins). The unusual zinc-finger structure is shared with a small group of double-stranded RNA (dsRNA) binding proteins that lack consensus dsRNA-binding motifs. It has been suggested that members of this group of proteins that bind dsRNA through such widely spaced zinc-fingers may show greater versatility in binding specificity, strength and span. 9, 10 The most well-studied member of this dsRNAbinding protein-group is JAZ, which binds to the dsRNA nuclear export receptor Exportin-5, 11 and positively regulates p53 transcriptional activity by binding to the p53 protein. 12 Like JAZ, Wig-1 is an RNA binding protein. It binds to long dsRNA of more than 50 bp, 13 and can also bind to single-stranded RNA and to RNA-DNA hybrids, although dsRNA is the preferred target. 13 Both the first and second zinc-fingers of Wig-1 are necessary for binding to dsRNA in living cells. 13, 14 Wig-1 also binds to shorter RNA of B21 bp, but only those that resemble microRNA (miRNA) in that they have a twonucleotide 3 0 overhang. Interestingly, Wig-1 levels are decreased in embryonic stem cells (ESCs) null for Dicer, an RNAse III enzyme crucial for miRNA maturation, 15 indicating that Wig-1 may have a function related to miRNA.
Wig-1 is highly conserved from fish to human, especially with regard to the zinc-fingers that are almost completely conserved. Human and mouse Wig-1 show 87% protein identity with perfectly conserved zinc-fingers except for one amino-acid substitution in the third zinc-finger. The distance between the zinc-fingers are also conserved. 16 Further analysis of species conservation has revealed that Wig-1 is in fact conserved throughout evolution all the way from amoeba, the ancestors of which separated from the human ancestors in evolution about 1.5 billion years ago, at the very beginning of eukaryotes. 17 Again the zinc-fingers show significant conservation -the first and second zinc-fingers are B30% identical between human and amoeba (Figure 1b) , whereas the overall identity is 22% (http://www.uniprot.org).
Wig-1 Expression
According to our studies, Wig-1 is expressed in all tissues, with the highest expression in brain (ref. 4 , our unpublished results). These findings are supported by expression data available at BioGPS (http://biogps.gnf.org), showing basal Wig-1 levels in all tissues with higher levels in brainespecially in the amygdala and prefrontal cortex -and smooth muscle, cardiac myocytes, and adipocytes (Table 1, see  Table 2 for Wig-1 expression in cancer cell lines). A role for Wig-1 in brain is further supported by the fact that PAG608, the rat ortholog of Wig-1, is constitutively expressed at relatively high levels in various regions of the rat nervous system, and is induced in the nervous system by a number of stress agents, including ischemia, 18, 19 treatment with methamphetamine, 20 onset of disease in a model of ALS, 21 and by L-DOPA in a Parkinson model. 22 Some studies also suggest pro-apoptotic functions of PAG608 in stressed brain. 18, 23 Taken together, these data indicate a role for Wig-1/PAG608 in stress responses and pathological conditions in the nervous system.
Then how is Wig-1 expression regulated? Human Wig-1 has a functional, perfect consensus p53 response element in intron 1 (M Wilhelm, unpublished results) and mouse Wig-1 contains two functional, albeit not perfect, p53 response elements in the promoter region. 5 That Wig-1 is a bona fide p53 target gene is confirmed by a number of studies [4] [5] [6] [7] and is further supported by microarray data showing Wig-1 upregulation after p53 activation by the small molecule RITA. 24 In addition, Wig-1 is induced after DNA damage in vivo in hematopoietic stem cells after treatment with the chemotherapeutic drug 5-fluoro-uracil. 25 Yet it is clear that p53 is not the only transcription factor that regulates Wig-1 expression, as Wig-1 is expressed at robust levels also in cells lacking p53. Our database searches (using pscan: http://159.149.109.9/pscan/ and genomatix: http:// www.genomatix.de) identified between 45 and 130 putative transcription factor-binding sites in the Wig-1 promoter, depending on choice of database and search parameters. This suggests that Wig-1 is subjected to tight regulation by multiple factors. As expected, p53 is among the top ranked transcription factor candidates that may bind both human and mouse wig-1 promoters, according to Pscan (http:// 159.149.109.9/pscan/). Pscan also identified a number of other transcription factors with various functions and expression patterns (Table 3 ). These factors include myogenic factor 5, which is involved in specification and differentiation of the muscle lineage, 26 fifth ewing variant, thought to be involved in the transcription of genes of the human serotonergic system and to have a role in early brain development, 27 spleen focus forming virus (SFFV) proviral integration oncogene (SPI1) and hepatic leukemia factor, involved in normal and malignant hematopoiesis, 28, 29 spermatogenic leucine zipper 1 (spz)1, a sperm specific growth promoting transcription factor, 30, 31 POU class 5 homeobox 1 (Pou5f1) and SRY (sex-determining region Y)-box 2 (Sox2), both essential for the maintenance of ESCs, 32 and Nr2e3, nuclear receptor subfamily 2, group E, member 3, which is a photoreceptor-specific nuclear receptor. 33 This spectrum of transcription factors suggests an intricate regulation of Wig-1 expression in a variety of tissues (muscle, brain, lens, testis, hematopoietic cells, and ESCs) in accordance with previous observation of ubiquitous Wig-1 expression. In addition, according to Pscan, Wig-1 can both be activated by the tumor suppressor p53 and a number of transcription factors that promote cell growth and/or have oncogenic features (e.g., spz1, Pou5f1, and SPI1), indicating that Wig-1 expression may be induced under a variety of different cellular circumstances. Moreover, it is interesting to note that several of the potential Wig-1-regulating transcription factors are crucial for embryonic stem cell survival, such as Pou5f1 and Sox2. We will return to this subject below.
To further study upstream regulatory cues with potential impact on Wig-1 expression, we performed gene ontology classifications (http://www.pantherdb.org) on the list of putative transcription factors (the most extensive list was chosen for this purpose). According to this analysis, the putative Wig-1-regulating transcription factors are involved in a number of important growth promoting signaling pathways (Table 4) . Other top pathways identified are consistent with a role for Wig-1 in the p53 network, such as oxidative stress response, apoptosis signaling, and p53 feedback loops (Table 4) . From this pathway analysis, we can deduce that the p53 network is indeed an important upstream Wig-1 activator, but so are a number of other prominent cell signaling networks -all in all, there are many conditions and signals that will lead to Wig-1 activation. This is in agreement with the fact that Wig-1 is expressed in all cells tested so far, including both tumor cell lines and primary cells from a number of different tissues and regardless of p53 status. However, induction of Wig-1 levels after DNA damage requires functional p53 (our unpublished results).
Another interesting question is if Wig-1 expression is altered in tumor cells. Wig-1 is located on chromosome 3q26.32 within a region that is amplified in many tumors, including head and neck, breast, ovarian, cervical, prostate, esophageal, nasopharyngeal and lung squamous cell carcinomas, as well as in acute myeloid leukemia. [34] [35] [36] [37] [38] [39] [40] This suggests that Wig-1 is amplified in a number of these tumors, an assumption supported by one report on overexpression of Wig-1 in lung cancer. 7 However, the chromosomal region where Wig-1 resides harbors several genes with relevance for cancer, such as telomerase RNA component and B-cell CLL/ lymphoma 6, 41, 42 and so it is unclear whether Wig-1 is driving gene amplification or simply is co-amplified as a passenger gene. In addition, the indications that Wig-1 can potentially be transcriptionally upregulated by both tumor suppressors, for example, p53 and transcription factors with oncogenic activity (see above), along with the fact that both overexpression and knockdown of Wig-1 interferes with cell growth (see below), argues against a clear-cut role for Wig-1 either as a tumor suppressor gene or oncogene. In addition, both increased and The pathway 'unclassified' was omitted (Table 5) . Several studies have demonstrated increased expression of Wig-1 in stem cells, suggesting a role in stem cell maintenance. One study compared genes enriched in both haematopoietic, neuronal and ESCs (as compared with the corresponding differentiated cell types), and concluded that Wig-1 is upregulated in all three stem cell compartments. 43 Another study showed increased expression of Wig-1 in haematopoietic stem cells (HSCs) null for BMI1 polycomb ring finger oncogene (Bmi-1), a factor necessary for HSC renewal. In the absence of Bmi-1 the pool of adult HSCs was lost, coinciding with Wig-1 upregulation. 44 Whether this increased expression of Wig-1 promoted the loss of HSCs or if it occurred as a compensatory mechanism in the absence of Bmi-1 remains unclear. Furthermore, Wig-1 expression decreases during erythropoiesis, in accordance with a function for Wig-1 in the HSCs and haematopoietic progenitor cells. 45 In addition, microarray studies support a role for Wig-1 in germ cells and ESCs. For example, one array study 46 showed Wig-1 induction in spermatogonial stem cells following stimulation with Glial cell line-derived neurotrophic factor (GDNF) and GDNF-family receptor a-1. In another study, 47 cumulus oocyte complexes isolated from human chorionic gonadotropin-treated ovaries showed increased Wig-1 expression compared with untreated oocytes. These array studies indicate that Wig-1 may be induced in germ cells in response to growth factors. In accordance with a role for Wig-1 in germ cells, Wig-1 is expressed in mouse oocytes before fertilization and maintained and somewhat increased until the E4.5 embryo. 48 Wig-1 expression in pre-implantation embryos is further confirmed by additional array data. 49, 50 A role for Wig-1 in ESC maintenance is strengthened by the observation that Wig-1 knockdown using short hairpin RNA (shRNA) reduced the stem cell phenotype in an shRNA screen to find novel ESC regulators. 51 Furthermore, the two essential ESC transcription factors Pou5f1 and Sox2 are potential Wig-1 regulators (see above). In addition, classification of the putative Wig-1-regulating transcription factors using Panther (see above) revealed enrichment for these factors in biological processes such as reproduction and development, strengthening the idea that Wig-1 has a critical role or roles in ESCs and embryonic development. For an overview of Wig-1 enrichment in stem cells, see Table 6 .
Wig-1 Function
Our previous work showed that ectopically expressed Wig-1 inhibits cell growth modestly in long-term assays without any major impact on cell cycle distribution or cell death. In addition, Wig-1 knockdown using small interfering RNA leads to decreased cell viability. 52 Hence, both too much and too little Wig-1 has a negative effect on cell viability, indicating Wig-1 levels must be controlled and maintained within an appropriate range. In order to identify Wig-1 partner proteins, we immunoprecipitated FLAG-tagged Wig-1 and identified co-precipitating proteins by mass spectrometry. We found that RNA helicase A and heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2/B1) are bound to Wig-1 in an RNAdependent fashion. 52 These two proteins are multifunctional RNA binding proteins, and therefore it is difficult to deduce a function of Wig-1 solely from these RNA dependent interactions. However, in accordance with a role for hnRNPA2/B1 in regulation of mRNA stability, we recently showed that Wig-1 can positively regulate p53 mRNA. Wig-1 binds to and stabilizes p53 mRNA via an U-rich region in the p53 3 0 UTR, forming a positive regulatory feedback loop. U-rich regions are a subgroup to the AU-rich elements (AREs) present in the 3 0 UTRs of certain mRNAs. The AREs are elements involved in regulation mRNA stability and translation, and consist of the element AUUUA in various constellations or of exclusively U-rich regions. 53, 54 They are present in 5-8 % of the transcriptome, mostly in mRNAs of genes whose expression is precisely controlled, including genes encoding proteins that regulate cell growth or the cellular response to external factors, for example, c-Myc, N-Myc, cyclins, interferons, p53 and p21. 53, 54 AREs are generally considered as negative regulators of gene expression. They can mediate mRNA degradation both by increasing deadenylation, which is the first and rate-limiting step of mRNA degradation, and by enhancing subsequent decay of the mRNA. AREs can also decrease translation efficiency (Figure 2a) . Most factors that bind and regulate AREs affect the target mRNA negatively, by promoting degradation or inhibiting translation. However, there are also primarily positive ARE regulators such as the well known and ubiquitously expressed human antigen R (HuR) and ARE regulators that can act either positively or negatively, depending on the mRNA in question. 53, 55 Wig-1 regulates mRNA stability and stem cell fate A Vilborg et al ARE-binding proteins (ARE-BPs) are important nodes of regulation, as they can potentially control the levels of many different mRNAs in the cell. 54, 56 The 3 0 UTR of p53 harbors one U-rich region (18 continuous Us) and one additional ARE, 57, 58 both of which are targeted for regulation by several ARE-BPs. 59 Wig-1 binds to the U-rich region in the 3 0 UTR of p53 mRNA and stabilizes p53 mRNA by preventing its deadenylation (Figure 2b ). This enhances p53 protein levels and potentiates the p53 response to DNA damage. 60 These results are consistent with data demonstrating that inhibition of expression of the Wig-1 ortholog PAG608 using antisense RNA led to attenuated p53-dependent methamphetamineinduced cell death. 20 Most ARE-BPs regulate multiple mRNAs 54, 56 , and our preliminary results indicate that Wig-1 also can target other ARE-containing mRNAs apart from p53. 60 
Critical Unanswered Questions
The fact that the p53 target Wig-1 has a role in posttranscriptional gene regulation suggests a whole new level of gene regulation orchestrated by p53, mediated by its downstream target Wig-1. This way, p53 might potentially regulate a different set of targets at the mRNA level in addition to its direct transcriptional targets. Moreover, it is conceivable that p53 could fine-tune the regulation of some or many of its transcriptional targets by additional regulation at the level of their mRNA stability and/or translation. However, a number of questions remain to be answered in order to achieve a more complete understanding of the role of Wig-1 in posttranscriptional gene regulation and in cell physiology. First, it is crucial to identify additional Wig-1 targets and elucidate exactly which cellular responses Wig-1 activation is associated with. Most mRNAs regulated by AREs correspond to proteins involved in immediate early responses -many of them are growth-promoting proteins such as cyclins, c-Jun, c-Fos, and c-Myc. 54 We have identified several tentative Wig-1 targets apart from p53, including proteins normally associated with growth promotion. 60 We are currently investigating global effects of Wig-1 on mRNA expression through microarray analysis in order to obtain a genome-wide picture of cellular processes that are regulated by Wig-1.
Another pressing task is the investigation of mechanisms 61 It is possible that Wig-1, like HuR, is involved in nuclear processes in addition to its cytoplasmic function in ARE-mediated regulation. Such processes could include mRNA transport, processing, and splicing. The notion that Wig-1 has an important role in the nucleus is supported by the observed increase in Wig-1 levels in both the nucleus and the cytoplasm after stress. 60 In addition to a likely nuclear role of Wig-1, we have shown that Wig-1 can bind to miRNA-like short RNA in vitro, 14 suggesting that Wig-1 is somehow involved in miRNA-mediated regulation. There are several examples of cross talk between miRNA-and ARE-mediated mechanisms. Wig-1 may be one of the factors linking these two pathways together. However, we observed that Wig-1-mediated regulation of p53 mRNA was unaffected in cells with significantly reduced miRNA levels due to lack of Dicer, indicating that Wig-1 can regulate p53 mRNA independently of miRNA presence. Nonetheless, it is possible that Wig-1 has other important miRNA-related functions that are related or unrelated to its role in AREmediated mRNA regulation.
One critical question is the exact role of Wig-1 in the p53 stress response. Human Wig-1 has a perfect p53 binding site in its promoter, a feature shared with the cell cycle arrestinducing p53 target p21. Moreover, Wig-1 was one of the most strongly upregulated genes in g-radiated mouse embryonic fibroblasts from knock-in mice carrying a p53 mutant that can only activate cell cycle arrest-related genes. 62 This suggests that p53-mediated induction of Wig-1 is related to cell cycle arrest, and that Wig-1 somehow fine-tunes or potentiates this response, although ectopically expressed Wig-1 by itself does not cause any major changes in cell cycle distribution. 52 Further studies are also required to investigate the possible role of Wig-1 in tumor development. It will be interesting to examine and compare levels of Wig-1 in tumors that carry wild-type or mutant p53. Assuming that Wig-1 regulates mutant as well as wild-type p53, increased Wig-1 levels, for example via amplification of the 3q26.3-27 region (see above), could in theory lead to a further increase of mutant p53 mRNA and protein levels, which may promote tumorigenesis through mutant p53 gain-of-function mechanisms. 63 Moreover, it will be important to investigate the expression of novel Wig-1 targets in tumors in relation to Wig-1 expression.
The fact that Wig-1 is expressed at significant levels also in cells lacking p53 clearly suggests that Wig-1 also can have p53 independent functions. In line with this assumption, Wig-1 can potentially be transactivated by a range of transcription factors. Further, a number of reports indicate a role for Wig-1 in stem cells. This is consistent with our preliminary results indicating that homozygous knockout of Wig-1 in mice causes early embryonic lethality. As all cells investigated to date -and all organisms as far back as the amoeba -express Wig-1, it seems reasonable to conclude that Wig-1 is required for cell survival, with a particularly important role in stem cell maintenance.
Concluding Remarks
The complexity of the p53 network is constantly increasing. It is now clear that p53 can have many other functions in the cell than induction of cell cycle arrest and apoptosis in response to stress. For example, p53 is implicated in regulation of metabolism, and low basal levels of p53 may actually promote cell survival. 2, 64 In this context, the intriguing p53 target Wig-1 may fit right in. Wig-1 is a target gene not directly involved in induction of cell cycle arrest or apoptosis -instead, evidence suggests that it regulates gene expression in a posttranslational manner and modulates the p53 response towards cell cycle arrest or apoptosis or other biological outcomes. Thus, Wig-1 may have a profound impact on cell fate. Moreover, as Wig-1 appears to be well conserved in all eukaryotic cells, further studies of its regulation and activities might provide important information about fundamental cellular processes. Clearly, our understanding of Wig-1 function and biological significance is still only at an early stage, and much remains to be discovered. We can expect exciting progress and many surprises from Wig-1 in the future!
